Lab-scale Sequencing Batch Reactors (SBR) were adopted to study the effects of Ni(II) exposure on the rates of the nitrification and denitrification. Additionally, the dissolved oxygen (DO) penetration depths of aerobic granules were calculated through the specific DO uptake rate test. The ratio of aerobic zones to anoxic zone in aerobic granules was also used to explain the SND efficiency variation under different concentrations of Ni(II) exposure. It is apparent that the addition of Ni(II) could effectively change the internal aerobic/anoxic zone in aerobic granules, thereby contributing to the variation of the SND process.
Introduction
Nowadays toxic wastewater containing Ni(II) is mainly discharged from industrial enterprises including the electroplating, printing, electronic product machining, battery production and so on. [1] [2] [3] [4] The Ni(II) concentration in wastewater from mine drainage, tableware plating, metal nishing and forging was up to 130.0 mg L À1 . 5 Through participating in the food chain and then reacting with proteins, Ni(II) might seriously impact organisms via the accumulation of toxic effects.
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Despite of the legally required pretreatment of the industrial wastewater containing Ni(II) before being discharged into the municipal water drainage network, 9 considerable amounts of Ni(II) have been found in the inuent of wastewater treatment plants (WWTPs). The performance of WWTPs, mostly using the activated sludge process, might be affected by the exposure of Ni(II) as well.
With the new development of activated sludge processes, the aerobic granular sludge technology has already become one of the hottest research orientations in the eld of wastewater treatment. 10, 11 Compared with the conventional activated sludge, the aerobic granular sludge has outstanding characteristics including the excellent settleability, high organic loading, large biomass, high biological activity, strong tolerance to metal ions, etc., thus making the inuences of Ni(II) on the aerobic granular sludge more and more attractive. Moreover, the impact of Ni(II) to granular sludge is more signicant.
12, 13 Lan et al. proved that nickel was the basic element for aerobic granules. 14 Wang et al. reported that Ni(II) would stimulate the biomass yield and bioactivity of aerobic granules under 5.0 and 15.0 mg L À1 Ni(II) exposure. 15 Besides, the increase of biomass and extracellular polymeric substances (EPS) could elevate the tolerance of aerobic granules to Ni(II). The granular size might also affect the interaction between Ni(II) and EPS. And small aerobic granules (less than 850 mm) could form chemical binding between Ni(II) and EPS, while large aerobic granules could not. 16 Simultaneous nitrication and denitrication (SND) means the phenomenon that both nitrication and denitrication processes occur simultaneously in the same reactor under the same operating condition, which will greatly simplify the biological nitrogen removal process and improve the efficiency of biological nitrogen removal. Moreover, the dissolved oxygen (DO) diffusion restriction allows the granular sludge to form anoxic and anaerobic zones, which makes the SND process widely observed inside the aerobic granules. 17 There are a huge number of factors affecting the SND process, including DO, C/ N, pH and so on. But so far, few researchers have studied the inuence of Ni(II) on the aerobic granular sludge. And the affecting regularity and mechanisms have not been fully understood yet.
In the present study, the degradation processes of COD and nitrogen of aerobic granular reactors were investigated under different concentrations of Ni(II) exposure. And the SND efficiencies were obtained on the basis of ammonica-tion rate and denitrication rate. Due to that SND is known to be controlled by aerobic and anoxic environments, the DO penetration depths inside aerobic granules were calculated to evaluate the environment for SND. Furthermore, the ratio of aerobic zone to anoxic zone in aerobic granules were used to explore the SND efficiency variation under different concentrations of Ni(II) exposure. The results could also be useful to understand the impact of Ni(II) on SND of aerobic granules.
Materials and methods

Reactor set-up and operation
In this study, four column plexiglass reactors were conducted in parallel. Every reactor was designed with working volume 2.25 L (inner diameter 0.05 m and height 1.3 m). Wastewater was added into each reactor through one peristaltic pump. An outlet located at 45 cm height was equipped to control the volumetric exchange rate at 50%. The air compressor pump and ne bubble diffusers were applied at the bottom of the reactor to keep the aeration rate at approximately 140 L h À1 via the controlling function of the gas-owmeter. During the experiment, the controlling instruments showed that all the bubble rising velocities were about 2.0 cm s À1 among all the reactors, and the DO concentrations remained more than 4.0 mg L
À1
during the period of aeration. The hydraulic reaction time (HRT) of the sequencing batch reactors (SBR) was set to 240 min including the water injection time (8 min), the aerobic time (224 min), the precipitation time (3 min) and the water discharge time (5 min). To avoid negative effects of the temperature change, the temperature of the SBR was kept at 25 C by the automatic thermostat controlled by the microcomputer time control switch.
The inoculated sludge and experimental wastewater
The aerobic granular sludge was cultivated carefully in advance in the laboratory, and was then selected for this research. Morphology of the aerobic granular sludge shows smooth surface, regular contour, compact structure and khaki color (Fig. 1) .
The average particle size of the cultivated aerobic granular sludge was about 2 mm, the distribution of which was listed in 
Experimental method
Four different kinds of the synthetic experimental wastewater containing same amounts of cultivated aerobic granular sludge and four different concentrations of Ni(II) (shown in Table 2 ) were operated in the four parallel sequencing batch reactors (SBR) for long-term observation. During the experiment, the water qualities of both the inuent and effluent, as well as the R1 system R2 system R3 system R4 system sludge characteristics were detected and analyzed periodically. The concentrations of the mixed liquor suspended solids (MLSS) were about 4500.0 mg L À1 before the four reactors start-up. Start-up of the reactors was supposed to be completed when the removal efficiencies of COD and ammonia nitrogen (NH 3 -N) exceeded 90% and 80% respectively.
Aer the stable operation of more than six weeks, continuous detection and analysis for the water and sludge samples were started in the four reactors. Through the observation, the changing processes of the concentrations of COD, NO 3 À -N, NO 2 À -N and NH 3 -N, as well as the rates of degradation of organics, nitrication, denitrication and SND were obtained under the inuence of Ni(II) (with different concentrations) on the aerobic granular sludge.
Analytical methods
The determination procedures of COD, NO 3
and SVI were detailed in the Standard Methods (APHA, 2005). The particle size of the granular sludge was measured using a particle-size analyzer. All assays were performed in triplicate, and the results are expressed as the mean AE standard deviation. Furthermore, the morphological structure of the sludge was observed by employing the scanning electron microscope (SEM) (JEOLJEM-1400, 120 kV, JAPAN).
Calculations
The rates of nitrication, denitrication as well as SND were determined according to the following eqn (1), (2) , and (3), respectively. Normally, the rate of nitrication consists of both the ammonication rate and the nitrite oxidation rate. However, the nitrication rate was thought to be equal to the ammoni-cation rate in this study, resulting from that no nitrite existed in the synthetic inuent wastewater. Besides, the ammonication rate (AOR) was dened as the concentration of NH 4 + -N oxidized by the activated sludge in unit time.
Since there was no nitrate in the synthetic inuent wastewater, and the operation mode was continuous aerobic aeration, the denitrication process mainly relied on denitrifying bacteria to use NO x À -N generated from the nitrication process to conduct the reduction reaction, so as to transfer NO x À -N to N 2 . Therefore, the denitrication rate (DR) can be dened as the concentration of total nitrogen (TN) removed by the activated sludge in unit time.
The efficiency of SND was dened as the ratio of DR and AOR. (Fig. 2) . As for the reactors that had been added Ni(II), the rapid decrease mainly occurred in the rst 40 min.
With the increasing of the concentrations of Ni(II) from 0 mg , the COD concentration of the effluent was much higher. Besides, during the rst 40 min, the COD degradation was inhibited, resulting in the lower COD removal efficiency for R4 system (Ni(II) 10.0 mg L À1 ). This is in consistent with the research result from Ong et al. that the COD degradation could be inhibited with the increasing concentration of heavy metal ions in the activated sludge system. 21 It is suggested that in the aerobic granular sludge system of this study, the degradation rate of COD would increase as the Ni(II) concentration increased from 0 mg L À1 to 1.0 mg L
À1
, however dropped as the concentration of Ni(II) increased continuously till 10.0 mg L À1 (Table 3 ). The consistent tendency of changes of the specic COD degradation rate and specic nitrication rate also conrmed the conclusion that the nitrication process would consume organics. 3.1.2 Effects of different concentrations of Ni(II) on the nitrication and denitrication. In Fig. 3 , it is shown that NH From the above, it is found the nitrication process requires the inorganic carbon source, while the denitrication process need use the organic carbon source to transfer NH 4 + -N to NO x À -N, and then to realize the nal nitrogen removal through the SND process. The whole process of the transformation primarily occurred in the rst 120 min. In this study, low-level Ni(II) (1.0 mg L À1 ) can stimulate the degradation rate of COD, as well as the nitrogen removal during the SND process. However, high Ni(II) concentration postponed the COD degradation process through the action of microorganism. Additionally, the growth and reproduction activities of microorganism in the activated sludge system could also be inhibited when the concentration of heavy metal ions reached beyond a certain boundary, thus reducing the purication efficiency of pollutants such as COD, nitrogen and phosphorus and so on. 
Effects of different concentrations of Ni(II) on the SND.
In order to better understand the effects of different concentrations of Ni(II) on the SND process, the biochemical reaction kinetics was applied to measure the rates of the specic nitrication and specic denitrication, as well as the nitrogen removal efficiency of SND, as listed in Table 3 .
For the nitrogen process, the low Ni(II) concentration (1.0 mg L
À1
) accelerated the nitrogen, while the high concentration of Ni(II) (10.0 mg L À1 ) inhibited the nitrogen, which was consistent with the research results from Paolo et al. 23 One of the possible explanations might be that nitrifying bacteria belong to one kind of autotrophic bacteria that have long growth cycle and response to the external environment much sensitively, leading to the inhibited nitrogen process of the aerobic granular sludge under the increasing loading of Ni(II). 24 It is found that the utilization rate of ammonia nitrogen decreased with the increasing concentrations of Pb(II), Cd(II) 23 and Ni(II). 25 Coincidentally, Wang et al. conrmed that the removal efficiencies of TOC and NH 4 + -N decreased from 90.2%
and 99.2% to 75.0% and 50.8%, respectively, when the Ni(II) concentration in the inuent wastewater was high up to 10.0 mg L À1 .
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It can be seen in Table 3 that the specic nitrication increased with the increasing of the Ni(II) concentration within a certain range, but decreased once the concentration of Ni(II) became too high. Moreover, the continuous decreasing rate of the specic denitrication could be attributed to that the microorganism played a dominating role in the biological treatment system for removing contaminants from the wastewater. During this process, some types of heavy metals were also needed at trace levels to serve as essential elements for healthy growth of the microorganism, so as to improve the degradation of nitrogen in the treatment system. Nevertheless, the nitrogen removal efficiency of SND tended to drop rstly, then increased and dropped at last, with the increasing Ni(II) concentration of the system, indicating some inhibitory effects of Ni(II) on the nitrogen removal of SND. It has been reported that the nitrogen removal efficiency of SND could reach the highest when the rates of nitrication and denitri-cation were almost close to each other. [27] [28] [29] In the present research, adding Ni(II) had an obvious impact on the SND efficiency. Hence, in the three reactors that were added Ni(II), the nitrogen removal efficiency of SND was much higher when the concentration of Ni(II) was 5.0 mg L À1 , owing to the minor difference between the rates of nitrication and denitrication.
The inuencing explanation of different concentrations of Ni(II) on the SND
The compact structure of the aerobic granular sludge made it limited for the internal mass transfer, thus helping form several kinds of DO environments (e.g., anoxic, anaerobic, etc.), among which the internal anoxic environment could create advantageous conditions for the SND process. 17 For a further investigation of the inuencing mechanism of different Ni(II) concentrations on SND of the aerobic granular sludge, the DO penetration depths under various concentrations of Ni(II) were calculated and analyzed.
Considering that the aerobic granules belong to microorganism aggregate, the equation proposed to calculate the DO penetration depths of aerobic aggregate in Biolm Airli
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The DO penetration depths in the aerobic granular could be calculated as follows. , the DO penetration depth increased as well. But it is worth noting that some relationships existed between the DO penetration depth and the mean particle size of the aerobic granular sludge under various Ni(II) concentrations. DO penetration degree is equal to DO penetration depth/mean particle size.
With the increasing Ni(II) concentration in the reactors, the surface of the aerobic granular sludge would become smoother and smoother. Besides, the mean particle size of the aerobic granular sludge peaked in R3 system (Ni(II) 5.0 mg L À1 ). Though some previous studies showed that the higher particle size of the aerobic granular sludge was more benecial to SND, 32,33 it was better to take both the particle size and DO penetration depth into account to investigate SND more comprehensively, considering the impacts of Ni(II) on the internal environment of the aerobic granular sludge.
21,34,35
The magnied SEM photographs of the aerobic granular sludge surface were given in Fig. 7 . Some lamentous structures attached by a lot of mucoid materials existed inside the aerobic granular sludge. Furthermore, the increasing Ni(II) concentration favored the attachment of the mucoid materials. Some related studies showed that the lamentous bacteria was the framework of the aerobic granular sludge, which could make use of the attached mucoid materials to adhere to the micelle bacteria and then aggregated gradually under the selected pressure. 36 The mucoid materials mentioned above were actually polysaccharides belonging to the products of microbial metabolism, 37 which were also one type of the effective selfprotection ways for the microorganism, especially in the case of unfavorable environments.
Therefore, in this study, the microorganism secreted more EPS for the purpose of self-protection from being poisoned as the Ni(II) concentration increased continuously in the reactors.
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When the concentration of Ni(II) was 10.0 mg L À1 , the surface compaction rate of the aerobic granular sludge performed the best under the impact of the intertwined liform structure inside the sludge and EPS secreted by the microorganism. In addition, in the reactors where Ni(II) was added, it was shown that when the DO penetration depth became closer to 50%, the ratio of anoxic zone to aerobic zone was closer to 1.0, suggesting that the difference between the space volumes of nitrication and denitrication diminished (Table 4) . When the Ni(II) concentration was 5.0 mg L À1 , the gap between the space volumes of nitrication and denitrication was the smallest, hence indicating the highest nitrogen removal efficiency through the SND process. From Fig. 6 , the relationship between the ratio of anoxic zone to aerobic zone and the nitrogen removal efficiency of SND could be seen obviously. Fig. 7 showed the schematic explanation of the inuence process of Ni(II) on microbial cells in aerobic granular sludge. Moreover, it showed the SEM photographs of the aerobic granular sludge surface under different
(Â1500). The scope of the blue circles represented the anoxic zone inside the aerobic granular sludge. Firstly, the outer contour of the granular sludge was drawn by using the Auto CAD soware. Secondly, properly select the central position of Fig. 7 The schematic explanation of the influence process of Ni(II) on microbial cells in aerobic granular sludge. Fig. 6 The relationship between the ratio of anoxic zone to aerobic zone and the nitrogen removal efficiency of SND under different concentrations of Ni(II).
the granular sludge as the base point. Thirdly, zoom in or out the outer contour of the granular sludge in accordance with the ratio of the anoxic zone to the whole sludge zone. Then the area of the blue circles could be gained, which represented the anoxic zone of the aerobic granular sludge. The almost consistent changing trends under different concentrations of Ni(II) suggested that Ni(II) affected not only the distribution of DO in the aerobic granular sludge but also the nitrogen removal efficiency of SND.
Conclusion
The inuencing rule and mechanism of different Ni(II) concentrations on SND of the aerobic granular sludge were studied in this research. And the conclusions are presented as follows.
(1) The nitrication process was inhibited all the time under different concentrations of Ni(II). In addition, the inuencing rule of Ni(II) on the denitrication process was similar to that of Ni(II) on the COD degradation.
(2) The smaller difference between the rates of nitrication and denitrication was, the higher nitrogen removal efficiency of SND might be, which turned out to be 53.76% when the concentration of Ni(II) was 5.0 mg L À1 in this research when comparing the reactors that were added Ni(II). (3) Under different concentrations of Ni(II), the nitrogen removal efficiency of SND could be inuenced by both the internal environmental condition especially the DO distribution and the microbial community of the aerobic granular sludge. Ni(II) had an inuence on the processes of nitrication and denitrication through affecting the nitrifying and denitrifying bacteria, which thereby inuenced the SND process. And due to that the anoxic and aerobic zones in the aerobic granular sludge could affect the living condition of both nitrifying and denitrifying bacteria. As the concentration of Ni(II) grew up to 5.0 mg L À1 , the rate of nitrication decreased due to the inhibition of nitrifying bacteria, making the difference between the rates of nitrication and denitrication smaller, thus exaggerating the nitrogen removal efficiency of SND.
